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Introduction
Combat casualty care requires that battlefield traumas be quickly and accurately assessed, and that patients' vital signs be continuously monitored to immediately detect small fluctuations that may have major implications for needed life-saving measures. Consequently, biomedical technologies are needed that will allow rapid initial assessment of the patient's condition and continuous monitoring of critical autonomic nervous system (ANS) activity.
The ANS controls and coordinates the function of all visceral organs to promote homeostasis. 1 These include heart and lung function, blood flow, blood pressure regulation, thermoregulation, and reactions to stress and fatigue. With respect to the heart, the autonomic nervous system controls heart rate (HR) through the sympathetic nervous system (SNS) and parasympathetic nervous system (PNS). The PNS regulates HR by sending efferent impulses via the vagus nerve to the sinoatrial node in the heart, while the SNS has its regulatory impact on HR by sending efferent sympathetic impulses to the ventricles. Interaction of the PNS and SNS produces beatto-beat heart rate variability (HRV). 2 Heart rate variability is reflective of ANS activity and the balance between the PNS and SNS, 3 and may be examined using time domain or frequency domain analysis. Time domain analysis consists of differing standard deviation calculations of HR, or heart period, defined as beat-to- Hz and is correlated with respiratory-mediated baroreflex modulation of cardiac vagal tone. The component in the low-frequency (LF) band from 0.05 to 0.15 Hz is thought to be a quantitative marker of sympathetic activity. However, some researchers view LF as an indicator of both sympathetic and vagal activity. 3 The power in the very-low-frequency (VLF) band (<0.05 Hz) has been linked with the renin-angiotensin system, temperature regulation, and slow vasomotor activity.
Acute blood loss provokes a multitude of compensatory and decompensatory circulatory and metabolic responses. 4 ' 5 The decompensatory reactions can lead directly to cardiac failure, acidosis, central nervous system depression, aberrations of blood coagulation, and depression of the reticuloendothelial system. Further, the compensatory responses activate baroreceptor and chemoreceptor reflexes, limit cerebral ischemia, redistribute tissue fluids, release endogenous vasoconstrictors, and promote renal conservation of water and electrolytes. These responses can lead to hypovolemia, hypotension, bradycardia, renal water and electrolyte excretion, increases in atrial natriuretic peptide, and changes in plasma vasopressin, plasma renin activity, and aldosterone.
Simulation of the negative-feedback compensatory cardiovascular changes associated with hemorrhaging may be accomplished through water immersion (WI) and head-down tilt (HDT).
During WI, venous blood is shifted from the legs to the torso because of an increase in external pressure. However, during HDT redistribution of blood occurs as a result of a reduction in hydrostatic pressure. In both cases, the accumulation of blood in the thoracic region increases central blood volume and intracardiac pressure. These changes promote an increase in urinary fluid and electrolyte loss and a decrease in extracellular volume and plasma volume. 6 However, while WI and HDT produce similar outcomes, the pattern and magnitude of the responses are different. Compared with HDT, WI produces an initial hemodilution and then greater increases in urine volume and a concomitant loss of plasma proteins. 7 Miwa et al. 8 reported that WI decreases heart rate and increases stroke volume and cardiac output. These changes were also accompanied by increased HF fluctuations and reduced LF fluctuations in HR. However, Perini et al. 9 reported that WI is associated with large increases in the VLF, LF, and HF components. The major limitation of these studies were the short durations of WI, lasting only 5 to 15 min, and the absence of demonstrated changes in body fluid volumes.
The impact of longer durations of WI and HDT on HRV, especially after significant reductions in body fluid volumes, has not been studied. Therefore, the present study seeks to evaluate changes in HRV over a time period likely to produce a modest reduction of extracellular fluid volume.
Methods

Subjects.
Subjects were eight active-duty Navy or Marine Corps personnel (age 22.1 ± 5.4 years; height 172.0 ± 5.0 cm; weight 75.6 ± 13.4 kg). All subjects were briefed on the study protocol and gave informed consent before participating. All subjects completed medical history questionnaires.
Medical records were reviewed by a physician to ensure that subjects were medically qualified to participate in the study.
Experimental Procedures.
Eight male subjects completed three randomized trials of 4-hrs (240 min) duration of seated rest (CON), 6° head-down tilt (HDT), and seated water-immersion (WI) to midchest in 35°C water.
Subjects wore shorts during all trials, and watched nonexcitatory videos (movies from the 1950s and 1960s) on a television monitor to pass the time. The previous night and the morning of each test, subjects were instructed to drink generous amounts (at least 1 L) of fluid (noncaffeine beverages) to ensure normal body hydration. Hydration status was determined by measuring the specific gravity of urine samples obtained before the test. Room air temperature during all trials averaged 26 ± 2.5°C.
Measurements
Before each trial, body weight was measured, the bladder voided, and venous blood samples Heart rate and respiratory rate were measured throughout each trial using the Medic Monitor ANS-R1000 monitor (Ansar Inc., Philadelphia, PA). In this system, the electrocardiographic Dependent variable-group differences for the three trials, 45 phases, trial-by-phase interaction were evaluated by repeated-measures analysis of variance (ANOVA). Analyses in the presence of a significant omnibus F ratio included least square means comparisons to evaluate significant differences among trials. The null hypothesis was rejected when p <.05. All statistical analyses were conducted using Statistical Analysis Systems software (SAS Institute, Inc., Cary, NC).
Results
Eight subjects completed the three trials. Mean and standard deviation values for body weight loss, UV, A PV, and changes in ALDO and ANP are shown in Table 1 . Body weight loss and urine volume were significantly greater for WI when compared with HDT and CON, while differences between HDT and CON were nonsignificant. UV was significantly greater for WI compared to HDT and CON, while differences between HDT and CON were nonsignificant. The percentage changes in plasma volume for HDT and WI over the 4-hr test were significantly greater than that observed among CON. The A PV between WI and HDT was nonsignificant.
Oral temperatures for the three groups ranged from 36.30°C to 36.45°C and were found not to differ significantly. The changes over time in aldosterone concentration for WI and HDT were found to be significantly greater than for CON. There was no significant difference in ALDO between WI and HDT. Also, there were no significant changes in ANP among the trials. The ANOVA also revealed significant trial effects for the high-frequency amplitudes, with the overall Rfa for WI significantly higher than for CON and HDT. Rfa for CON ranged from 2 bpm 2 »Hz" 1 to 5 bpm 2 »Hz" 1 , and Rfa for HDT ranged from 2 bpm 2 »Hz"' to 10 bpm 2, Hz"' over the 4-hr test. Rfa for WI showed a fluctuating response pattern ranging from 3 bpm 2 »Hz" 1 to 25 bpm 2 »Hz."' Rfa for CON and HDT rose slightly during the latter half of each test, but the time effect was nonsignificant. Rfa for the three trial conditions is shown in Figure 3 . 
Discussion
Real-time spectral analysis of HRV was used to evaluate the effect of a simulated decrease in blood volume on ANS activity. Previous studies have shown that 'head down tilt' and head-out 'water immersion' in thermoneutral water for extended durations is associated with an increase in central blood volume, diuresis, and a decrease in blood and plasma volume. 6, 711 Our values for body weight loss, urine volume output, and the percentage decrease in plasma volume indicate that WI and HDT both produced a loss in blood volume and plasma fluid volume.
Four hours of WI produced an average UV of 570 ml, yielding a calculated urine flow rate of 2.37 mlnnin." 1 Urine flow rates for HDT and the control condition were lower at 1.67 ml'min" 1 and 1.48 mlnnin," 1 respectively. The urine flow rates observed for WI were less than the 4.0 to 6.2 ml'min" 1 flows rates reported by Greenleaf et al. 7 and Deuster et al. 12 for prolonged WI in 35°C water. The urine flow rate for HDT was less than the 2.7 mlnnin" 1 flow rate reported by Shaffer-Bailey et al., 11 but it was similar to the 1.66 mlnnin"' flow rate reported by Hayashi et al. 13 for prolonged HDT.
WI and HDT yielded decreases in PV of 4.31% and 4.94%, respectively, compared with a 1.86% reduction for CON. These values are larger than the 3% to 4% decrease in PV reported by Shi et al. 14 and Williamson et al. 15 for 4 hrs of HDT, but less than the 6% decrease in PV reported by Greenleaf et al. 6 over 4 hrs of WI. WI and HDT in the present study were also associated with decreases in both ALDO and ANP. These responses are similar to those reported by Shi 15 and
Williamson et al., 16 who both reported decreases in ALDO and ANP with for 4 hrs of HDT.
In the present study, body weight losses for CON and HDT were 30% greater than the UV outputs for those conditions, and the body weight loss in the WI condition was 38% greater than the UV output. These differences suggest that additional fluid loss occurred as the result of respiratory water exchange and sweat loss. Our difference for WI is similar to that reported by Greenleaf et al. 7 The higher body weight, UV, and fluid losses for WI are likely the result of elevations in skin temperature (that were clamped at the 35°C water temperature), and subsequent demand for a high skin blood flow. 16 The WI protocol produced a significant increase in the mean heart rate that remained elevated throughout the 4 hrs of the test. This response pattern is opposed to that found by Miwa et al. 8 
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who reported that 5 min of WI decreased HR and increased stroke volume and cardiac output.
The mHR response for WI in the present study also is in contrast to that observed for HDT and CON, which both decreased to 62 -64 bpm, and then stabilized at values ranging from 65 bpm to 70 bpm. The decrease in mHR during HDT is similar to that reported by Butler et al. 17 who
reported that HDT also increased stroke volume and cardiac output.
During WI, skin temperature was clamped at 35°C via maintenance of a constant water temperature in the swim flume in which the subjects were seated. Controlling skin temperature at this level was done to prevent chilling over the 4 hrs of water immersion and to make the subject comfortable. However, a skin temperature of 35°C in air of 21°C would tend to increase the heat exchange between the subject and the air. Greenleaf et al. 6 ' 16 reported increases in respiratory water loss and sweat rates, and higher skin blood flows in subjects immersed in such conditions. Thus, the higher mHR for WI is likely related to an increase in skin blood flow to prevent a gain in body heat content and maintain thermal balance. An elevation in mHR during WI in response to an increased demand of heat stress is supported by the increase in respiratory water and sweat loss. accompanied by an increase in HF (i.e., Rfa) and a decrease in LF (i.e., Lfa) spectral amplitudes.
However, our results support those of Perini et al. 9 who reported that 5 min of WI was associated with large increases in both HF (i.e., Rfa) and LF (i.e., Lfa). The major limitation of these earlier studies, however, is the short duration of WI, and the absence of demonstrated changes in body fluid volumes. The Lfa and Rfa responses for WI were in contrast to those of HDT and CON, which were generally lower in value and devoid of large fluctuations in response.
The large amplitudes for Lfa and Rfa during WI suggest that control of HR occurred through both sympathetic and respiratory-mediated baroreflex-modulated vagal activity. In addition, as seen in Figure 6 , the response patterns of Lfa and Rfa during WI indicate that the fluctuations in these two measures were largely contemporaneous. The temporal contiguity of the Lfa and Rfa amplitudes suggests that the increase in mHR may be the result of sympathetic stimulation in conjunction with a near-simultaneous baroreflex modulation of parasympathetic activity. During immersion, hydrostatic pressure on the legs and trunk are increased, forcing blood from the peripheral veins into the thorax increasing central (pulmonary) blood volume and capacities. 18 Water immersion also causes compression of the abdomen and an upward movement of the diaphragm. 19 These adjustments could modify respiratory patterns and enhance modulation of baroreflex-mediated vagal activity, thereby yielding an increase in HRV. In the present study, mean LRR did not differ significantly among the CON, HDT, and WI groups.
In addition, LRR did not reveal the magnitude of the Lfa and Rfa responses or the pattern of the responses among the trial conditions, and thus, was not useful in identifying sympathetic and parasympathetic responses. The similarities of LRR response among the three tests suggest that LRR may lack sensitivity as an indicator of changes in sympathetic and parasympathetic activity.
While, LRR has been proposed as an index of ANS balance, 3 the results of the present study did not bear this out.
